Norovirus is one of the leading agents of gastroenteritis and is a major public health concern. In this study, the crystal structures of recombinant RNA-dependent RNA polymerase (RdRp) from murine norovirus-1 (MNV-1) and its complex with 5-fluorouracil (5FU) were determined at 2.5 Å resolution. Crystals with C2 symmetry revealed a dimer with half a dimer in the asymmetrical unit, and the protein exists predominantly as a monomer in solution, in equilibrium with a smaller population of dimers, trimers and hexamers. MNV-1 RdRp exhibited polymerization activity with a right-hand fold typical of polynucleotide polymerases. The metal ion modelled in close proximity to the active site was found to be coordinated tetrahedrally to the carboxyl groups of aspartate clusters. The orientation of 5FU observed in three molecules in the asymmetrical unit was found to be slightly different, but it was stabilized by a network of favourable interactions with the conserved active-site residues Arg185, Asp245, Asp346, Asp347 and Arg395. The information gained on the structural and functional features of MNV-1 RdRp will be helpful in understanding replication of norovirus and in designing novel therapeutic agents against this important pathogen.
INTRODUCTION
Members of the genus Norovirus in the family Caliciviridae are a major cause of non-bacterial acute gastroenteritis (Green, 2007) , commonly referred to as gastric flu. Norovirus (NV) is considered a major public health problem in environments where infection can be rapidly transmitted through both faecal and vomitus routes. The genus is divided into seven genogroups (GI-GVII) based on genome sequence variability of RNA-dependent RNA polymerase (RdRp) and capsid (Phan et al., 2007) . The genogroups include both human and non-human pathogenic strains, among which there is substantial genetic heterogeneity, with sequence variation of approximately 50 % (Thackray et al., 2007) . Strains from genogroups GI, GII, GIV, GVI and GVII are known to infect humans, while strains of genogroups GII, GIII, GIV and GV infect cattle, swine and mice (Phan et al., 2007) . Due to the lack of an efficient cell-culture system and an animal model, however, it is difficult to prevent infection of most human noroviruses (HNV). Since murine norovirus-1 (MNV-1) from immunocompromised mice was first adapted and grown in the macrophage cell line RAW264.7 (Wobus et al., 2004) , it has served as a surrogate model system for elucidating the molecular modes of HNV replication and pathogenicity . Nevertheless, the molecular mechanisms of NV replication and pathogenesis remain poorly understood.
The NV genome comprises a positive-sense ssRNA of approximately 7.4 kb (Karst et al., 2003) . It encodes three open reading frames: ORF2 encodes the capsid (virion protein 1), ORF3 encodes virion protein 2 and ORF1 encodes a polyprotein that is processed cotranslationally into six mature proteins [p38.3 (N-term), p39.6 (NTPase), p18.6, p14.3 (VPg), p19.2 (Pro) and p57.5 (RdRp)] by a virus-encoded protease (Lambden et al., 1993; Sosnovtsev et al., 2006) . Virus-encoded RdRp has been shown to play a central role in the replication of genomic RNA in positivesense RNA viruses, using ribonucleotide triphosphate (rNTP) as substrate (Rohayem et al., 2006) . VPg (virion protein genome linked) is covalently attached to the 59 end of the RNA, which plays a role as a primer, and a viral genederived poly(A) tail resides at the 39 end (Daughenbaugh et al., 2003; Karst et al., 2003) . The structures of RdRp are of particular importance in attempting to elucidate the mechanism of viral replication and to develop effective antiviral agents. Since the first crystal structure of RdRp from a GII NV was solved (Ng et al., 2004) , additional structural studies on replicative complexes of RdRp with nucleotide substrates or analogues including ribavirin and 5-fluorouracil (5FU) have been reported to provide the molecular basis of low fidelity and the inhibitory activities on viral replication (Ferrer-Orta et al., 2007; Zamyatkin et al., 2008 Zamyatkin et al., , 2009 ). These studies have revealed the critical interactions involved in recognition and positioning of nucleotides at the active site of RdRp. Metal ions were also shown to interact with aspartate residues at the active site which play an essential role in RNA synthesis of calicivirus RdRp (Ng et al., 2002; Zamyatkin et al., 2008 Zamyatkin et al., , 2009 ). Mutation of these residues led to loss of activity in the case of rabbit hemorrhagic disease virus (RHDV) RdRp (Vázquez et al., 2000) .
Despite the importance of MNV-1 as a model system to understand viral replication, our knowledge of RdRp function in MNV-1 is still far from complete. Structural and biochemical studies of RdRp are crucial to a better understanding of the mechanisms that underlie MNV-1 replication and here we report structural determination and characterization of recombinant MNV-1 RdRp and its complex with 5FU.
RESULTS

Characterization of recombinant MNV-1 RdRp
The molecular masses of the purified recombinant MNV-1 RdRp proteins (native and mutants) were found to fall within the range of the calculated masses (not shown). As shown in previous biochemical studies (Han et al., 2010) , RNA synthesis activity of MNV-1 RdRp was observed in the presence of template poly(A) RNA and MnCl 2 (Fig. 1) . The amount of newly synthesized RNA increased as the protein concentration and reaction time increased. The activity was enhanced in the presence of 0.5-5 mM MnCl 2 and MnSO 4 but not in the presence of magnesium acetate and CaCl 2 , and 100 mM NaCl was shown to reduce RdRp activity to approximately 13 % (not shown). MgCl 2 and MnCl 2 are used as cofactors in vitro for activity of most viral RdRps, including sapovirus, and NaCl reduces the RdRp activity of feline calicivirus and HNV (Belliot et al., 2005) . Our results demonstrate that the recombinant MNV-1 RdRp possesses dose-and time-dependent RNA synthesis activity in vitro.
Crystal structure of MNV-1 RdRp
The overall structure of the MNV-1 RdRp monomer resembles a right hand, with fingers, palm and thumb domains along with an N-terminal domain (Fig. 2a) . The fingers domain consisted of eight a-helices and a fivestranded b-sheet arranged between the N-terminal and palm domains. The palm domain, which is the most conserved structural feature of all known polymerases (O'Reilly & Kao, 1998) , was organized around a b-sheet flanked by a-helices. The thumb domain, containing four a-helices and three b-strands, interacts with the N-terminal extension. The NV RdRp adopted an enclosed conformation, where the extended N-terminal domain bridged across the fingers and thumb domains.
Oligomerization of MNV-1 RdRp
There are three molecules of MNV-1 RdRp in the asymmetrical unit of the C2 crystal, and two of these assume a face-to-face conformation capable of forming a dimeric structure (Fig. 2b) . The dimer interface of MNV-1 RdRp was significantly different from that of HNV RdRp, making different domain contacts at the interface. In MNV-1 RdRp, the palm domain is in contact with the other palm domain within the dimer, whereas the fingers domains are involved in creating a dimer interface in HNV RdRp. The a-helices formed by residues 230-237 at the dimer interface of MNV-1 RdRp mediate helix-to-helix interactions, where hydrophobic interactions make an important contribution to enhancing dimer stability (Fig.  2c) . The buried surface area (Lee & Richards, 1971 ) was found to range from 2282 to 2311 Å 2 for the native and 5FU-complexed structures. It is larger than that of any of the HNV RdRp structures and falls in the range of proteinprotein interactions (Table 1) (Lo Conte et al., 1999) . In contrast, the structures of HNV RdRp analysed by PISA server are unlikely to form a stable dimer in solution. Notably, both trimeric and hexameric forms of RdRp were observed in the C2 crystals, in addition to dimers. The putative hexamer has both 3-fold and 2-fold molecular symmetry axes, suggesting that it is likely to consist of two trimers which are parallel to each other (Fig. 2d) . The trimer interface was largely contributed by the thumb and fingers domains, where hydrophobic and electrostatic interactions were involved. A detailed description of the trimer interface analysed by PISA server is presented in Table 1 . Our crystal structure suggests that a monomer or a trimer may dimerize to form a dimer and a hexamer. We used cross-linking to determine the occurrence of RdRp oligomerization. MNV-1 RdRp was found to be predominantly monomeric in solution, whereas dimers, trimers and hexamers coexisted in smaller populations (Fig. 2d) . Dynamic light scattering (DLS) experiments showed predominantly monomers at room temperature and higher orders of oligomerization at 37 uC (not shown), and the viral enzyme was in fact heavily precipitated during incubation at 37 u C. However, size exclusion chromatography (SEC) gave a single major peak corresponding to a monomer (data not shown), possibly due to the low resolution limit (Niepmann & Zheng, 2006) , as shown for HNV RdRp (Högbom et al., 2009) . It was shown previously that the activity was temperature dependent and was highest at 37 u C (Han et al., 2010) .
Structural comparison of RdRp proteins
Sequence alignment showed a sequence identity of 59.0 % between MNV-1 and HNV RdRp ( Supplementary Fig. S1 , available in JGV Online), and their structures had very similar conformations (RMSD 1.1-1.2 Å ). Structural superposition of individual subunits revealed RMSD in the range 0.50-0.60 Å for the native and 5FU-bound structures. In a comparative analysis of structural similarities between different RdRp structures of members of the family Caliciviridae (Table 2) , the apo structures of MNV-1 and HNV RdRp proteins (2B43 and 1SH0) (Högbom et al., 2009; Ng et al., 2004) were well superimposed in the Nterminal extension and the fingers domain. Significant structural variation was instead found in the thumb and palm domains containing the C-terminal and loop regions, corresponding to residues 302-307, 374-381 and 471-480 ( Fig. 3) . Superposing the C a atoms of MNV-1 RdRp and HNV RdRp in these regions gave an RMSD of 1.2-1.6 Å .
The loop region at residues 302-307 is close to the active site and that of residues 374-381 is adjacent to the predicted rNTP-binding site (Ng et al., 2004) . Conformational variation was also found at the C-terminal region, including residues 471-480 near to the dimer interface and the helix backbone corresponding to residues 455-470 in the thumb domain. However, no visible electron density was observed at the C-terminal region, possibly due to intrinsic disorder.
Structural comparison between MNV-1 RdRp-and HNV RdRp-RNA complexes (3BSO and 3H5X) (Zamyatkin et al., 2008 (Zamyatkin et al., , 2009 complex ( Fig. 3) , which suggests that RNA binding is likely to cause conformational changes at the active site in MNV-1 RdRp. In the thumb domain of RNA-bound structures, the loop at residues 467-471 was not modelled in either of the RNA-binding structures due to the high degree of flexibility (Zamyatkin et al., 2008 (Zamyatkin et al., , 2009 . In contrast, the same loop was explicitly modelled in MNV-1 RdRp, albeit with the highest temperature factors of the entire molecule.
Aspartate residues at the active site are critical for activity of MNV-1 RdRp
The structural conservation seen in RdRp suggests that the enzymic mechanism of nucleotidyl transfer is shared almost universally by higher organisms (Zamyatkin et al., 2008) , and the active site residues are indeed highly conserved ( Supplementary Fig. S1 ). MNV-1 RdRp is closely related to HNV, RHDV and sapovirus RdRp, with highly conserved YGDD and DYTRWD sequences within the palm domain. The aspartate residues that are highly conserved in RdRps of positive-sense RNA viruses play key roles in RNA synthesis by holding divalent cations at the active site and possibly by mediating the binding of divalent metal ions to RNA or nucleotides . Mutants of MNV-1 RdRp, D245A, D346A, D347A and D346AD347A displayed almost complete abolition of RNA synthesis activity (data not shown), suggesting that these residues are crucial for the in vitro activity of MNV-1 RdRp. It is worth noting that, even though D347A had a deleterious effect on RNA synthesis, its enzyme activity was slightly higher than the basal level. Similar experiments conducted with RHDV RdRp mutants in which the acidic residues in YGDD were replaced with missense amino acids demonstrated that substitution of the first Asp residue was not tolerated, whereas some flexibility was observed for the second Asp (Vázquez et al., 2000) . In MNV-1 RdRp, the carboxylate oxygen atoms of Asp243 (B factor 16-26 Å 2 ) and Asp347 (B factor 19-25 Å 2 ) were shown to interact with the metal ion, which was confirmed in anomalous maps (Fig. 4a) . The metal ions modelled in the active site have B factors of 55, 72 and 74 Å 2 for chains A, B and C, respectively. The mean distance between the metal ions and carboxylate oxygen atoms of Asp347 varied from 2.2 to 2.4 Å . A water molecule was shown to interact with the active site residue (Asp347) and the metal ion. Additional water molecules were modelled to interact with Asp245 and Asp346. The B factors of the water molecules at the active site ranged from 12 to 42 Å 2 . These water molecules seem to stabilize the metal ion through a network of interactions with Asp clusters.
Interactions of metal ion and 5FU at the active site
The structure of MNV-1 RdRp in complex with 5FU provides the first high-resolution data that can give an insight into the binding mode of the ligand at the active site of NV RdRp. The electron density map corresponding to 5FU is shown in Fig. 4(b) (left panel) and the presence of 5FU was confirmed by simulated annealing omit maps ( Fig. 4b; right panel) . Notably, superposition of the active site regions at different molecules in the asymmetrical unit showed that the orientation of the uracil ring in 5FU is slightly different, suggesting various modes of interactions in the absence of RNA and phosphate (Fig. 4c) . B factor analysis showed a relatively low B factor of 5FU in chain B (56 Å 2 ) in comparison with that in chains A and B (70 Å 2 ). Metal ions modelled in the active site have B factors of 26, 33 and 48 Å 2 for chains A, B and C, respectively. The three Asp residues interacting with the ligand did not show any significant variation in their B factors (27-35 Å 2 ), suggesting low flexibility of these residues. In contrast, the two Arg residues (Arg185 and Arg395) seem to be flexible, and have high B factors (40-51 Å 2 ) in comparison with the Asp residues of the active site. Taken together, it seems that different conformations of 5FU are equivalent in the absence of the phosphate moiety that is known to interact with Arg residues and thus stabilizes the complex.
When the native and 5FU complex structures were superimposed, it was shown that binding of 5FU to the active site led to slight conformational changes of the highly conserved residues Arg185, Asp245, Asp346, Asp347 and Arg395 (Fig. 4d) . The side-chain orientations of Arg185 and Arg395 were slightly different in each monomer. Both Arg185 and Arg395 were found to bind this ligand in two monomers in the asymmetrical unit (in the range of 3.2-3.6 Å ). In the third monomer, Arg185 was very close to 5FU (3.0 Å ), whereas Arg395 was far away from the ligand (.7 Å ). Major shifts were observed in residues Asp245, Asp347 and Arg395, which were between 0.5 and 1.2 Å . As a consequence, the N atoms (N1 and N3) of 5FU became close to the carboxyl groups of Asp346 and Asp347 and, together with Arg395, they adopted slightly different rotamers to form hydrogen bonds with 5FU (distance between 3.2 and 3.5 Å ) at different molecules in the asymmetrical unit. The main-chain backbone atoms were also moved by a small but significant value of~0.5 Å . Apart from these, the a-carbon atoms of Asp243 and Ala244, which are in close proximity to the active site, were shifted by 0.5-1.2 Å . The results thus suggest that these residues play an important role in determining the orientation of the ligand.
The metal ion was shown to interact with Asp245 and Asp346, and 5FU interacted with Arg185, Asp 346, Asp347 and Arg395. The distance between the carboxylate oxygen atom of Asp245 and the metal ion ranged from 2.4 to 2.9 Å , while the distance was 2.2-3.0 Å between the Asp346 carboxylate oxygen and the metal ion. Notably, the metal ion at the active site was found to be coordinated tetrahedrally to the carboxyl groups of Asp245 and Asp346 (2.1-3.0 Å ), the hydroxyl group of 5FU and a water molecule. Thus, Asp245, Asp346 and Asp347 form a network of interactions within the active site via a metal ion and a water molecule and mediate the interactions between 5FU and active-site residues so as to stabilize the ligand-bound structure. Taken together, these observations on the structures are consistent with the fact that the aspartate cluster residues are probably involved in metalion coordination in polymerase catalysis, and the conformational changes of the active-site residues appear to accommodate the incoming substrates and template nucleotides of various shapes and sizes.
DISCUSSION
NV is a major cause of acute gastroenteritis, but efficient vaccines or antiviral drugs have not yet been developed. In the absence of a tissue-culture system and small animal models for HNV, studies on NV RNA replication have focused on the in vitro functions of non-structural proteins. RdRp is involved in the synthesis of viral genomic and subgenomic RNA. Crystal structures of HNV RdRp have been determined (Högbom et al., 2009; Ng et al., 2004) , and are similar to those of other polymerases (Biswal et al., 2005; Choi et al., 2004; Ng et al., 2002 Ng et al., , 2004 . Although the MNV-1 model system provides a unique opportunity to study calicivirus replication, biochemical characterization of MNV-1 RdRp was reported only recently (Han et al., 2010) .
The crystal structure of recombinant MNV-1 RdRp showed the right-hand fold typical of polynucleotide polymerase, very similar to that of HNV RdRp. A comparison between MNV-1 and HNV RdRp structures showed significant conformational differences in three flexible loops and the C-terminal region, which was disordered in MNV-1 RdRp. The presence of a disordered C-terminal region was also reported in HNV and RHDV RdRp (Ng et al., 2004) . It was shown subsequently that the C-terminal residue Asp509 in HNV RdRp interacts with two basic residues Arg395 and Arg396, blocking the active site, and RNA binding displaces this C-terminal region from the active site (Zamyatkin et al., 2008) . In the case of hepatitis C virus RdRp, the C-terminal region increases RNA binding (Vo et al., 2004) . In this context, the C-terminal region of MNV-1 RdRp may adopt a range of conformations in solution as a result of its high flexibility (Machín et al., 2001) . These residues might become ordered when interacting with other components of the replication complex, including RNA and other components, NTPs, RNA and priming VPg.
Previous biochemical studies have shown that the activity of MNV-1 RdRp is temperature dependent and is highest at 37 u C (Han et al., 2010) . In this study, MNV-1 RdRp was in a predominantly monomeric state at room temperature but in higher-order oligomeric states at 37 u C. Crosslinking studies confirmed that stable dimers, trimers and hexamers coexist with monomers in solution (Fig. 2d) . Although MNV-1 RdRp monomer is the most abundant, the presence of oligomers in solution is consistent with the oligomeric structures observed in the crystal. The buried surface area of dimeric or trimeric MNV-1 RdRp is within the range for stable protein-protein interactions. In particular, the dimeric form of MNV-1 RdRp was unusual, given that the palm domains interact with each other at the interface, unlike in HNV RdRp (Högbom et al., 2009) . Furthermore, the presence of trimeric and hexameric RdRp structures has not been reported. It was shown previously that poliovirus RdRp forms planar and tubular oligomeric arrays which correlate with cooperative RNA binding and elongation (Lyle et al., 2002) . The hexameric MNV-1 RdRp may provide multiple binding sites with a high avidity for ssRNA and possible retention of the sequential reactions of polymerization. Site-directed mutagenesis experiments are currently under way to identify amino acid residues at the dimer interface.
A series of reactions was performed in which the concentration of the native RdRp was kept constant (50 ng ml
21
) and the concentration of a mutant (D346AD347A) RdRp was varied over the range 0-100 ng ml
. As the concentration of the mutant increased, the nucleotide incorporation activity decreased (not shown), suggesting that the mutant competes with the native monomer for formation of a native-mutant heterodimer. Only the native homodimers were active; the heterodimer was not. In addition, the activity of a mixture of equal amounts of native and mutant proteins was approximately half that of the native RdRp. These results suggest that hetero-oligomerization between the native and mutant RdRp inhibits activity.
Mutations in RdRp (D245A, D346A, D347A and D346AD347A) caused deleterious effects on RNA synthesis activity, confirming that these residues play essential roles in RNA synthesis. The crystal structure of RHDV RdRp also indicated that these three aspartate residues recruit divalent cations (Ng et al., 2002) . In the MNV-1 RdRp-5FU complex structure, these residues were shown to interact with a metal ion as well as 5FU. Our structures thus demonstrate that 5FU is recruited at the active site in such a manner that the carboxylate oxygen atoms of aspartate residues make hydrogen bonds to the N atoms of 5FU. The F atom interacts most closely with Arg185, which is highly conserved in RdRps and is near the NTP aphosphate in HNV RdRp (Zamyatkin et al., 2008) . Arg185 is believed to be involved in binding interactions with phosphate groups of RNA. Demonstration of the interactions of 5FU with amino acid residues strongly suggests that the large size of the active site can accommodate not only this small ligand, by extensive interactions mediated by water molecules and metal ions, but also substrates and RNA molecules of significant size.
In this study, we have characterized MNV-1 RdRp extensively using structural and biochemical techniques. Furthermore, the oligomeric arrangement of the MNV-1 RdRp and its complex with 5FU may shed light on the biology of this important pathogen and will help us to move forward in designing antiviral therapeutic agents.
METHODS
Plasmid construction and site-directed mutagenesis. MNV-1 RNA extraction, reverse transcription and construction of plasmid DNA (pET-Pol-GDD) used for RNA synthesis and cross-linking studies were performed as described previously (Han et al., 2010) . Mutants of RdRp (D245A, D346A, D347A and D346AD347A) were constructed by site-directed mutagenesis performed by PCR amplification. In the case of D346AD347A, DNA fragments encoding the N-terminal (nt 3537-4588) and C-terminal (4565-5069) halves of RdRp were amplified separately by PCR, which was conducted in a reaction mixture containing 500 ng pET-Pol-GDD template, Pfu polymerase (Vivagen) and 10 pmol each of primers M-Pol-F and Pol-DDAA-R for the N-terminal half or M-Pol-R and Pol-DDAA-F for the C-terminal half (Supplementary Table S1 ). cDNA spanning the entire coding sequence of the D346AD347A mutant was amplified by PCR in a reaction mixture containing both N-and C-terminal DNA fragments and primers M-Pol-F and M-Pol-R. PCR products were cloned into pET-14b, designated pET-Pol-D346AD347A. Other RdRp mutants (D245A, D346A and D347A) were prepared in a similar manner using the appropriate specific primers (Supplementary Table S1 ).
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For structural studies, the PCR product of RdRp was cloned into the pET-22b vector, which contained a (His) 6 tag at the C terminus for overexpression, using the restriction endonucleases NdeI and NotI with primers detailed in Supplementary Table S1 .
Protein purification, crystallization and data collection. Native and mutant RdRps used for RNA synthesis activity and cross-linking studies were expressed and purified as described previously (Han et al., 2010) . For structural studies, the clone pET22b-RdRp was introduced into Escherichia coli ER2566, which was grown at 37 uC until the culture reached an OD 600 of 0.6. After protein expression for 16-18 h at 15 uC, the cells were harvested by centrifugation and suspended in 40 ml binding buffer (20 mM Tris/HCl, pH 7.9, 500 mM NaCl, 5 mM imidazole). Cells were treated with DNase (10 U ml 21 ) for 15 min at 37 uC and sonicated on ice for 45 s. The recombinant protein was bound to a Ni-NTA column pre-equilibrated with the binding buffer. The eluted protein was dialysed against 25 mM Tris/ HCl (pH 8.0), 1 mM b-mercaptoethanol, 100 mM NaCl, 5 mM MgCl 2 , 10 % (v/v) glycerol and 0.1 % (v/v) Triton X-100. The dialysed protein was subjected to gel-filtration chromatography on an AKTA Basic column over a Superdex 200 column (GE Healthcare) equilibrated with 25 mM Tris/HCl (pH 8.0), 100 mM NaCl and 5 mM MgCl 2 . Homogeneous fractions were concentrated to~3 mg ml 21 using a 10 kDa cut-off membrane filter.
Crystals were screened by the hanging drop vapour diffusion method using commercial kits (Emerald Biosystems). An aliquot (1.5 ml) of protein solution was mixed with 0.5 ml buffer and two different temperatures, 4 and 22 uC, were tested for the initial screening. Crystals were observed at 4 uC in 1.26 M (NH 4 ) 2 SO 4 and 100 mM cacodylate (pH 6.5), and they were further refined with respect to salt and pH to give diffraction-quality cubic crystals in 1 M (NH 4 ) 2 SO 4 and 100 mM cacodylate (pH 6.5). The crystals were transferred to the mother liquor (approx. 30 % higher concentrations than the reservoir solution) containing 22 % glycerol as a cryoprotectant prior to mounting for data collection. In order to confirm the binding of metal ions, data were collected after soaking the crystals in 10 mM MnCl 2 for 20-30 min. To obtain crystals in complex with 5FU, crystals were soaked in 10 mM 5FU for 30-60 min prior to data collection.
Diffraction data were collected with the crystals flash-cooled at 100 K in a stream of liquid N 2 using a synchrotron radiation source, beamlines 4A and 6C at Pohang Light Source (Quantum CCD detector; ADSC). Crystals diffracted to resolutions of 2.5 Å , and all the data were processed and scaled using the HKL2000 program (Otwinowski & Minor, 1997) . The crystals were of space group C2 with unit cell dimensions a5120.55 Å , b5196.26 Å , c5109.33 Å , a5c590u, b5114u (in the case of native RdRp), and contained three monomers in the asymmetrical unit.
Enzyme assay. The RdRp assay was performed as described previously (Belliot et al., 2005) with minor modifications. The reaction mixture containing 50 mM HEPES/NaOH (pH 7.4), 2.5 mM MnCl 2 , 10 mM DTT, 1 mg poly(A), 100 mM UTP, 2.5 mCi [a-
32 P]UTP (3000 Ci mmol
21
, 10 mCi ml 21 ) and the indicated concentration of native or mutant RdRp was incubated at 37 uC for 30 min. The reaction was stopped by adding an equal volume of 200 mM EDTA (pH 8.0). An aliquot (8 ml) of the reaction mixture was spotted onto DE81 filter paper (Whatman), which was dried and washed three times with 2 ml 26 SSC for 10 min, dehydrated with 2 ml absolute ethanol and dried at 80 uC. Radioactivity from incorporated [a-32 P]UMP was measured using a Wallac 1407 liquid scintillation counter.
Chemical cross-linking of the purified MNV-1 RdRp protein. To test whether MNV-1 RdRp forms homomultimers, 20 ml reaction mixture containing 50 mM HEPES/NaOH (pH 7.5), 5 mM MgCl 2 , 0.5 mM GTP and 4 mM RdRp, with or without 0.4 % SDS, was incubated for 30 min at 30 uC. Cross-linking was performed by adding glutaraldehyde to a final concentration of 0.005 % followed by incubation for 6 min at room temperature. The reaction was stopped by adding an equal volume of 26 protein sample buffer and RdRp multimerization was analysed by SDS-PAGE followed by Coomassie blue staining.
Dynamic light scattering (DLS). Oligomerization of MNV-1 RdRp was also examined using SEC and DLS at room temperature. DLS experiments were done using a DynaPro-MSXTC instrument to ascertain the oligomerization of MNV-1 RdRp. Purified protein was incubated at room temperature for 20 min followed by centrifugation at 13 000 r.p.m. for 15 min to remove any aggregates. The sample was exposed to an appropriate laser intensity to determine the size distribution of particles. The calculated hydrodynamic radius was used to determine the apparent molecular mass of the protein.
Structure solution and refinement. The MNV-1 RdRp structure was solved using CCP4 for molecular replacement, employing the HNV RdRp structure (PDB ID 1SH2) with all its side chains retained as a search model. The solvent content of the C2 crystals was calculated to be 65 %, using a Matthews' coefficient of 3.51, when three monomers of MNV-1 RdRp are present in the asymmetrical unit. Molecular replacement gave a single prominent solution after the rotation and translation functions were employed. The initial solution was optimized by rigid body refinement, which produced a clearly interpretable electron density for the overall structure. Manual adjustment of the backbone and side chain was conducted by Coot (Emsley & Cowtan, 2004 ). Crystallographic refinement was carried out using the program refmac5 (Murshudov et al., 1997) . Difference Fourier maps with coefficients 2|F o |2|F c | and |F o |2|F c | were used to model 5FU interacting with amino-acid residues at the active site. Water molecules were added using the |F o |2|F c | map peaks above 3.0 s, if the B factors were below 60 Å 2 after refinement. The R free value was used as an indicator to validate the water picking and refinement procedure and to guard against possible overfitting of the data. Stereochemical analysis of all the refined structures using PROCHECK showed that there were two outliers in the Ramachandran plot, with 91 % of the 1452 residues in favoured regions for the 5FU complex data, and 91 % of the 1476 residues were in favoured regions and four outliers were observed for the native data. Residues 1-6 at the N terminus were not modelled in the native and 5FU-complexed structures, while, at the C terminus, residues 499-509 were not modelled in the native structure and 493-509 were not modelled in the 5FU complex structure, as a result of local disorder in the electron density map. Totals of 492 and 486 residues were finally modelled with R and R free values of 0.199/0.244 and 0.202/0.267, respectively, for the native and complex data. Data quality and refinement statistics are presented in Table 3 . A total accessible surface area for dimers was analysed according to Lee & Richards (1971) and the stability of crystal lattice interactions was analysed by the PISA server (http:// www.ebi.ac.uk/msd-srv/prot_int/pistart.html).
